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1.  INTRODUCTION 


Titanium  alloys  have  long  been  used  for  reducing  system  weight  in  airframe  structure  and  jet  engine 
components.  The  high  cost  of  titanium,  however,  has  historically  prevented  its  use  in  military  ground 
vehicles.  In  recent  years,  the  cost  of  titanium  has  fallen  relative  to  the  cost  of  composite  and  ceramic 
armors,  and  titanium  is  now  a  valid  option  for  some  armor  applications. 

As  early  as  1950,  Pitler  and  Hurlich  (1950)  noted  that  titanium  alloys  showed  promise  as  armors 
against  small  aims  projectiles.  By  the  early  1960s,  Sliney  (1964)  presented  ballistic  performance  data  for 
Ti-6A1-4V  alloy  that  demonstrated  significant  weight  reductions  over  steel  armors  for  a  variety  of  small 
arms  threats.  Little  follow-on  work  with  larger  threats  was  conducted  due  to  the  prohibitive  cost  of  the 
titanium.  Currently,  this  lack  of  baseline  titanium  ballistic  performance  data  against  modem  tungsten  alloy 
(WA)  and  depleted  uranium  (DU)  alloy  penetrators  is  an  additional  impediment  to  the  consideration  of 
titanium  by  armor  designers. 

To  provide  this  armor  performance  baseline,  the  U.S.  Army  Tank-Automotive  Research,  Development, 
and  Engineering  Center,  Warren,  MI,  funded  the  Weapons  Technology  Directorate  (WTD)  of  die  U.S. 
Army  Research  Laboratory  (ARL),  Aberdeen  Proving  Ground,  MD,  to  conduct  a  ballistic  evaluation  of 
thick  titanium  plates  with  WA  and  DU  penetrators  during  1990-1992.  The  U.S.  Department  of  Interior 
Bureau  of  Mines  (BOM)  at  Albany,  OR,  was  funded  to  purchase  76.2-mm-101.6-mm-thick  Ti-6A1-4V 
plates  manufactured  to  the  common  MIL-T-9046J  specification.  The  BOM  performed  heat  treating, 
conducted  inspection  and  metallography,  and  then  shipped  the  plates  to  WTD  for  ballistic  testing. 

Although  the  BOM  provided  both  annealed  and  solution  treated  and  aged  (STA)  plates,  the  quantities 
were  not  sufficient  to  allow  both  heat  treatments  to  be  tested  with  both  penetrators.  The  two  choices  were 
either  to  fire  only  one  penetrator  against  both  types  of  titanium  or  to  test  each  penetrator  against  a  different 
type  of  titanium.  Consequently,  since  the  objective  of  the  test  was  to  evaluate  penetration  and  perforation 
performance  of  both  the  tungsten  and  DU  penetrators,  the  STA  plates  were  tested  with  only  the  DU  rods 
and  the  annealed  plates  were  tested  with  only  the  tungsten  X21  rods. 


1 


2.  BACKGROUND 


Titanium  can  exist  in  a  hexagonal  close-packed  crystal  structure  (known  as  the  alpha  phase)  and  a 
body-centered  cubic  structure  (known  as  the  beta  phase).  In  unalloyed  titanium,  the  alpha  phase  is  stable 
at  all  temperatures  up  to  882°  C  where  it  transforms  to  the  beta  phase.  This  transformation  temperature 
is  known  as  the  beta  transus  temperature.  The  beta  phase  is  stable  from  882°  C  to  the  melting  point 
(Donachie  1989). 

As  alloying  elements  are  added  to  pure  titanium,  the  phase  transformation  temperature  and  the  amount 
of  each  phase  present  change.  Alloy  additions  to  titanium,  except  tin  and  zirconium,  tend  to  stabilize 
either  the  alpha  or  beta  phase.  Ti-6A1-4V,  the  most  common  titanium  alloy,  contains  mixtures  of  alpha 
and  beta  phases  and  is  therefore  classified  as  an  alpha-beta  alloy.  The  aluminum  is  an  alpha  stabilizer, 
which  stabilizes  the  alpha  phase  to  higher  temperatures,  and  the  vanadium  is  a  beta  stabilizer,  which 
stabilizes  the  beta  phase  to  lower  temperatures.  The  addition  of  these  alloying  elements  raises  the  beta 
transus  temperature  to  approximately  996°  C.  Alpha-beta  alloys,  such  as  Ti-6A1-4V,  are  of  interest  for 
armor  applications  because  they  are  generally  weldable,  heat  treatable,  and  moderate  to  high  in  strength 
(Donachie  1989). 

Ti-6A1-4V  can  be  ordered  to  a  variety  of  commercial  and  military  specifications.  Plates  manufactured 
to  aerospace  specification  MIL-T-9046J  were  selected  for  this  analysis  because  this  material  was  readily 
available.  This  specification  defines  alloy  chemistry  ranges,  processing,  minimum  mechanical  properties, 
and  handling  and  inspection  procedures;  but  it  does  not  define  ballistic  requirements.  Since  large  plates 
were  not  required,  the  BOM  purchased  scrap  pieces  that  had  been  trimmed  from  full-size  plates  after 
rolling.  As  a  result,  the  order  was  completed  quickly  and  the  cost  was  reduced.  All  plates  were  provided 
by  OREMET  of  Albany,  OR,  and  had  been  rolled  at  temperatures  below  the  beta  transus.  The  BOM 
assigned  identification  numbers  to  each  plate  upon  receipt,  and  these  numbers  are  used  in  this  report  The 
BOM  then  provided  final  heat  treatments,  as  well  as  furnished  micrographs  and  mechanical  property 
information,  which  can  be  found  in  Appendix  A. 

Heat  treatments  can  produce  different  microstructures  and  properties  in  Ti-6A1-4V.  Plates  102  and 
104  were  annealed  at  816°  C  for  two  hours  and  then  air  cooled.  The  micrographs  show  a  coarse  plate-like 
alpha  (white)  and  intergranular  beta  microstructure.  A  low-temperature  anneal,  such  as  this,  is  generally 
used  throughout  the  titanium  industry  to  relieve  rolling  stresses  while  slightly  reducing  strength. 
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The  STA  plates.  Nos.  115-120,  were  heated  at  954°  C  for  2  hr,  water  quenched,  aged  at  593°  C  for 
6  hr,  and  then  air  cooled.  Since  954°  C  is  below  the  beta  transus,  only  part  of  the  alpha  in  the  prior 
structure  dissolved  to  form  beta.  The  undissolved  alpha  is  seen  as  the  equiaxed,  white,  primary  phase  in 
the  micrographs.  The  primary  alpha  is  surrounded  by  transformed  beta,  consisting  of  fine  acicular  alpha 
in  beta.  Alpha  was  also  precipitated  at  the  prior  grain  boundaries  and  can  be  seen  in  the  micrographs. 
Quenching  and  aging  in  the  alpha  plus  beta  region  is  considered  to  provide  the  best  combination  of 
strength  and  toughness. 

Rolled  homogeneous  armor  (RHA)  (MIL-A-12560)  steel  is  always  used  as  a  baseline  with  which  to 
compare  the  ballistic  performance  of  a  new  armor  material.  Consequently,  general  chemical  compositions 
and  mechanical  properties  for  Ti-6A1-4V  and  RHA  are  provided  in  Tables  1  and  2,  respectively.  Note 
that  the  RHA  properties  in  this  table  were  for  plate  thicknesses  ranging  from  38  mm  to  152  mm.  The 
mechanical  properties  of  RHA  vary  as  a  function  of  plate  thickness  due  to  differences  in  thermomechanical 
processing.  A  38-mm-thick  RHA  plate  has  higher  strength  and  hardness  than  a  152-mm-thick  plate.  The 
measured  Ti-6A1-4V  mechanical  properties  in  Appendix  A  met  or  exceeded  the  minimum  properties  listed 
in  Table  2. 

3.  TEST  METHODOLOGY 

The  penetrators  were  fired  from  a  laboratory  gun  consisting  of  a  37-mm  breech  assembly  with  a 
26-mm  smoothbore  barrel.  A  custom-built  polypropylene  sabot  system  was  used  to  launch  the  projectiles. 
The  target  was  positioned  1.5  m  in  front  of  the  gun.  The  propellant  weight  was  adjusted  to  achieve 
desired  striking  velocities.  Ballistic  results  for  projectiles  impacting  the  target  with  2°  or  greater  of  total 
yaw  were  disregarded.  An  orthogonal  flash  radiographic  system  (Grabarek  and  Herr  1966)  was  used  to 
measure  projectile  velocity,  pitch,  and  yaw  prior  to  striking  the  target. 

Semi-infinite  penetration  testing  and  limit  velocity  perforation  testing  were  both  performed  for  0° 
obliquity  plates.  Semi-infinite  testing  involves  shooting  a  penetrator  into  a  thick  stack  of  plate  such  that 
no  deformation  or  bulging  of  the  sides  and  back  surface  of  the  plate  occur.  This  measures  the  pure 
penetration  of  the  projectile  into  the  material  without  rear  surface  breakout  effects.  Limit  velocity 
perforation  testing  involves  varying  the  impact  velocity  against  a  single  thickness  of  plate  and  measuring 
the  exit  velocity  of  the  residual  penetrator.  The  limit  velocity  (V^  is  defined  as  the  critical  velocity  at 
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Table  1.  Typical  Chemical  Compositions  for  Ti-6A1-4V  and  RHA 


Element 


Ti-6A1-4V,  MIL-T-9046J 
(Donachie  1989) 


RHA,  MIL-A-12560 
(Benck  1976) 


Titanium 


Carbon 


Manganese 


Phosphorus 


Sulfur 


Silicon 


Nickel 


Copper  . 


Chromium 


Vanadium 


Molybdenum 


Aluminum 


Nitrogen 


Hydrogen 


Oxygen 


Balance  Remaining 


0.08%  max. 


3.5-4.5% 


5.50-6.75% 


0.05%  max. 


125  ppm  max. 


0.20%  max. 


50  ppm  max. 


0.4%  max. 


0.3%  max. 


None  Detected 


0.26-0.27% 


0.27% 


0.001% 


0.008% 


0.15% 


3.0-3.5% 


0.05-0.07% 


1.0-1 .4% 


<0.01% 


0.10-0.25% 


<0.03% 


Balance  Remaining 


Table  2.  Typical  Mechanical  Properties  for  Ti-6A1-4V  and  RHA 


Property 

Ti-6A1-4V,  M3L-T-9046J 
(Donachie  1989) 

RHA,  MIL-A-12560 
(Benck  1976) 

Ult.  Tens.  Str.  (MPa) 

900  min 

794-951 

Yield  Strength  (MPa) 

830  min 

651-826 

%  Elongation 

i0  min 

11-22 

Hardness  (BHN) 

321-364 

241-331 

Density  (g/cm3) 

4.45 

7.85 

which  the  target  is  just  perforated  (i.e.,  the  residual  velocity  is  zero).  The  residual  velocity  of  the 
penetrator  was  measured  using  an  additional  pair  of  x-ray  tubes  behind  the  target.  A  schematic  of  the  test 
setup  is  shown  in  Figure  1.  The  VL  was  calculated  using  the  Lambert  and  Jonas  methodology  (Lambert 
and  Jonas  1976)  to  fit  the  striking  velocity/residual  velocity  (V$/Vr)  data  pairs  to  the  following  equation: 

Vr  -  A  (V/  -  V)*.  (1) 

where  A,  P,  and  VL  are  determined  by  a  nonlinear  regression  (curve  fitting)  procedure.  The  limit  velocity 
determination  generally  requires  10  shots. 

For  both  test  penetratOrs,  the  perfoimance  of  the  titanium  plate  was  compared  to  the  0°  obliquity 
baseline  performance  of  RHA  by  using  areal  densities  to  calculate  a  measure  known  as  mass  effectiveness 
(Em).  Areal  density  is  defined  as  the  thickness  of  material  perforated  (or  depth  penetrated)  times  the 
density  of  this  material.  The  EM  is  defined  as  the  RHA  areal  density  required  to  defeat  a  penetrator 


X-Ray  Tubes 


Figure  1.  Schematic  of  test  setup. 
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divided  by  the  areal  density  of  the  armor  under  investigation.  In  the  case  of  limit  velocity  testing,  the 
denominator  is  the  areal  density  of  the  titanium  plate  and  the  numerator  is  the  RHA  areal  density 
corresponding  to  the  same  obliquity  and  limit  velocity  as  the  titanium.  For  semi-infinite  penetration  at 
a  given  velocity,  the  numerator  is  the  product  of  the  density  and  the  depth  of  penetration  into  RHA;  the 
denominator  is  the  product  of  the  density  and  the  depth  of  penetration  into  a  stack  of  titanium  plates. 

By  definition,  fee  EM  of  RHA  steel  equals  1.0.  An  EM  greater  than  1.0  indicates  increased  ballistic 
performance  as  compared  to  RHA;  an  Em  less  than  1.0  indicates  decreased  ballistic  performance  as 
compared  to  RHA. 

4.  TEST  PENETRATORS 

Testing  was  performed  wife  tungsten  alloy  (WA)  and  depleted  uranium  (DU)  model  scale  penetrators. 
These  penetrators  were  commonly  used  for  screening  ceramics  and  were  available  for  use  in  this  test 
series.  A  sketch  of  these  penetrators  is  provided  in  Figure  2.  The  WA  penetrators  were  produced  by 
Teledyne  Firth  Sterling  of  Lavergne,  TN,  using  a  tungsten/nickel/iron  alloy  known  as  X21.  The  DU 
penetrators  were  produced  by  Nuclear  Metals  Incorporated  of  Concord,  MA,  using  a  depleted  uranium/ 
titanium  alloy.  Table  3  lists  composition  and  mechanical  property  information  on  the  L/D  =  10  X21  and 
fee  L/D  =  10  DU  penetrators.  Note  that  because  the  densities  were  different,  fee  dimensions  of  the  two 
rods  were  slightly  different  in  order  to  maintain  a  constant  L/D  ratio  and  a  constant  mass. 

The  perforation  and  penetration  performance  of  these  X21  and  DU  penetrators  into  RHA  at  0° 
obliquity  had  been  collected  for  previous  test  programs.  The  semi-infinite  penetration  data  for  RHA  are 
provided  in  Table  4.  Since  fee  relationship  between  RHA  penetration  depth  and  penetrator  velocity 

appeared  to  be  linear  over  fee  velocity  regimes  tested,  a  linear  regression  analysis  was  performed  to  obtain 

penetration  equations  for  the  X21  and  DU  rods.  These  penetration  equations  for  0°  obliquity.  Equations  2 
and  3,  were  then  used  for  calculating  RHA  penetration  for  purposes  of  determining  Em- 

L/D  =  10  X21  Penetration  into  RHA;  P  =  0.084V  -  53.9,  (2) 

L/D  =  10  DU  Penetration  into  RHA:  P  =  0.070V  -  29.7,  (3) 

where  P  is  fee  depth  of  penetration  in  millimeters  and  V  is  the  striking  velocity  in  m/s. 
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Penetrator  Type 

Tungsten  Alloy  Depleted  Uranium 


Designation 

L/D  =  10  X21 

L/D  =  10  DU 

Alloy 

93%  W  -  5%  Ni  -  2%  Fe 

DU  -  0.75%  Ti 

Density  (g/cm3) 

17.7 

18.6 

Hardness  (Rc) 

40-45 

38-44 

Yield  Strength  (MPa) 

1,200 

800 

Ultimate  Tensile 

Strength  (MPa) 

1,280 

1,380 

Elongation  (%) 

8 

12 

Table  4.  Semi-Infinite  Penetration  Into  RHA 


L/D  =  10  X21  Penetrator 

L/D  =  10  DU  Penetrator 

Striking  Velocity 

Depth  of 
Penetration 

Striking  Velocity 

Depth  of  Penetration 

(m/s) 

(mm) 

(m/s) 

(mm) 

1,096 

37 

l,047a 

43 

1  1,267 

55 

l,070a 

44 

1,387 

63 

l,209a 

54 

1,503 

71 

l,264a 

61 

1,507 

74 

1,550** 

78 

1,518 

73 

1,629 

88 

1,522 

76 

l,747a 

91 

1,571 

79 

l,897a 

101 

1,671 

86 

• 

a  Farr  and  and  Magness,  to  be  published. 


The  limit  velocity  data  for  RHA,  provided  in  Table  5,  were  used  to  determine  the  relationship  between 
RHA  plate  thickness  and  die  perforation  limit  velocity.  Since  this  relationship  appeared  to  be  linear  over 
the  velocity  regimes  tested,  a  linear  regression  analysis  was  performed  to  obtain  perforation  equations  for 
the  X21  and  DU  rods.  These  perforation  equations  for  0°  obliquity.  Equations  4  and  5,  were  then  used 
for  calculating  RHA  limit  thickness  for  purposes  of  determining  E^. 

L/D  =  10  X21  Perforation  of  RHA:  T  =  0.086VL  -  49.6,  (4) 

L/D  =  10  DU  Perforation  of  RHA:  T  =  0.08 1VL  -  33.6,  (5) 

where  T  is  the  thickness  of  the  plate  in  millimeters  and  VL  is  the  limit  velocity  in  m/s. 


8 


Table  5.  Limit  Velocity  Data  for  RHA 


j  L/D  =  10  X21 

L/D  =  10  DU  | 

RHA  Plate  Thickness 
(mm) 

Limit  Velocity 
(m/s) 

RHA  Plate  Thickness 
(mm) 

Limit  Velocity 
(m/s) 

50.8 

1,166 

50.8b 

1,053 

76.2a 

1,461 

76.2a 

1,322 

101.6b 

1,674 

a  Magness  (1992). 
b  Farr  and  (1994). 


5.  RESULTS 

The  BOM  furnished  the  Ti-6A1-4V  plates  for  testing  with  the  X21  and  DU  penetrators.  The  BOM 
purchased  the  plates  from  OREMET  of  Albany,  OR,  and  performed  all  subsequent  processing.  As 
mentioned  earlier,  the  BOM  provided  both  annealed  and  STA  plates,  but  the  quantities  were  not  sufficient 
to  allow  both  heat  treatments  to  be  tested  with  both  penetrators.  Consequently,  the  STA  plates  were  tested 
with  only  the  DU  rods,  while  the  annealed  plates  were  tested  with  only  the  X21  rods. 

Semi-infinite  stacks  of  titanium  plate  at  0°  obliquity  were  shot  with  both  penetrators,  and  the  results 
are  listed  in  Tables  6  and  7.  Detailed  firing  data  are  furnished  in  Appendix  B.  Tables  6  and  7  list  the 

depth  of  penetration  into  the  stack  of  titanium  plates  and  the  areal  density  of  the  titanium.  The  RHA 

equivalent  penetration  was  calculated  using  Equations  2  and  3  for  the  X21  and  DU  rods,  respectively. 
The  Em  numbers  started  high  (1.7— 1.8)  at  1,000-1,100  m/s  and  appeared  to  fall  to  a  minimum  value 
(1.4 — 1.5)  around  1,600  m/s.  For  the  DU  rods,  where  the  test  velocity  significantly  exceeded  1,600  m/s, 
the  Ej^j  numbers  appeared  to  increase  again. 

Since  the  penetration  data  appeared  linear,  a  linear  regression  was  performed  and  Equations  6  and  7 
were  obtained  for  titanium  semi-infinite  penetration  at  0°  obliquity: 

L/D  =  10  X21  Penetration  into  Ti-6A1-4V:  P  =  0.108V  -  81.7,  (6) 

L/D  =  10  DU  Penetration  into  Ti-6A1-4V:  P  =  0.095V  -  56.7,  (7) 

where  P  is  the  depth  of  penetration  in  millimeters  and  V  is  the  striking  velocity  in  m/s. 
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Table  6.  Semi-Infinite  Penetration  Results  for  Annealed  Ti-6A1-4V  vs.  L/D  =  10  X21 


Striking 

Velocity 

(m/s) 

Depth  of 
Penetration 
(mm) 

Areal 

Density 

(kg/nr) 

RHA  Equivalent 
Penetration 
(mm) 

RHA  Areal 
Density 
(kg/m2) 

Em 

1,079 

36.5 

162 

36.7 

288 

1.78 

1,344 

60.0 

267 

59.0 

463 

1.73 

1,506 

78.0 

347 

72.6 

570 

1.64 

1,579 

93.5 

416 

78.7 

618 

1.49 

1,672 

98.0 

436 

86.5 

679 

1.56 

Table  7.  Semi-Infinite  Penetration  Results  for  STA  Ti-6A1-4V  vs.  L/D  =  10  DU 


Striking 

Velocity 

(m/s) 

Depth  of 
Penetration 
(mm) 

Areal 

Density 

(kg/m2) 

RHA  Equivalent 
Penetration 
(mm) 

RHA  Areal 
Density 
(kg/m2) 

Em 

1,111 

49.5 

220 

48.1 

378 

1.72 

1,161 

50.0 

223 

51.6 

405 

1.82 

urarn 

67.5 

300 

63.1 

495 

1.65 

1,452 

81.0 

360 

71.9 

564 

1.57 

1,537 

89.0 

396 

77.9 

612 

1.55 

1,627 

105.0 

467 

84.2 

661 

1.42 

1,709 

109.0 

485 

89.9 

706 

1.46 

1,770 

109.6 

488 

94.2 

739 

1.51 

1,947 

122.7 

546 

106.6  . 

837 

1.53 

At  approximately  1,100  m/s  striking  velocity,  the  depth  of  penetration  into  RHA  and  titanium  is 
approximately  equal.  As  the  striking  velocity  increases,  however,  both  the  X21  and  the  DU  rods  penetrate 
deeper  into  the  titanium  than  into  lhe  RHA.  Also,  the  performance  of  the  annealed  and  STA  plates 
seemed  comparable  based  upon  EM  numbers.  Additional  testing  is  required  to  conclusively  prove  that  the 
performance  of  both  heat  treatments  is  the  same. 
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Figure  3.  Photograph  of  sectioned  impact  crater  of  tungsten  penetrator  into  annealed  T-6A1-4V  plate  (shot 
no.  2640V 


Finite  thickness  titanium  plate  testing  was  also  performed  at  0°  obliquity  with  both  penetrators  in  order 
to  obtain  limit  velocities.  Table  8  is  a  summary  of  these  results;  the  detailed  firing  data  for  all  of  these 
shots  is  furnished  in  Appendix  B.  The  limit  velocity  was  calculated  by  performing  a  least-squares 
nonlinear  regression  on  Equation  1.  The  RHA  equivalent  thickness  was  calculated  using  Equations  4 
and  5  and  the  limit  velocity  determined  for  the  titanium.  The  Ew  performance  of  the  X21  rod  vs.  the 


In  order  to  obtain  penetration  depths,  the  titanium  blocks  were  sectioned.  In  most  cases,  the 
penetration  cavity  was  free  from  debris,  but  on  shot  no.  2640  the  residual  tungsten  penetrator  was  still  in 
the  plate.  Figure  3  is  a  photograph  of  the  sectioned  and  polished  impact  crater  for  shot  no.  2640.  The 
rear  surface  of  the  titanium  plate  is  located  at  the  bottom  of  the  picture.  The  remaining  tungsten 
penetrator  is  visible  at  the  bottom  of  the  crater.  Note  that  the  original  flat  rear  surface  of  the  penetrator 
is  still  intact  Behind  the  penetrator,  the  cavity  is  clogged  with  a  mixture  of  penetrator  and  target  debris. 
A  zone  of  shear  failures  in  the  titanium  is  visible  around  the  perimeter  of  this  main  channel.  Farrand 
(1991)  provides  a  detailed  discussion  of  this  type  of  shear  failure  in  semi-infinite  penetration. 


Table  8.  Limit  Velocity  Results  for  Titanium 


Penetrator 

Plate 

Thickness 

(mm) 

Areal 

Density 

(kg/m2) 

l 

RHA 

Equivalent 

Thickness 

(mm) 

RHA  Areal 
Density 
(kg/m2) 

Em 

L/D  =  10  X21 

100 

445 

1,559 

84.5 

663 

1.5 

L/D  =  10  DU 

104 

463 

1,517 

89.3 

701 

1.5 

annealed  plate  and  the  DU  rod  vs.  the  STA  plates  seemed  to  be  comparable;  however,  additional  testing 
is  required  to  conclusively  prove  that  the  performance  of  both  heat  treatments  is  the  same. 

Figure  4  provides  a  graph  of  X21  penetration  and  perforation  data  for  both  titanium  and  RHA. 
Figure  5  provides  the  same  data  for  DU.  The  depths  of  penetration  (for  semi-infinite  testing)  and  limit 
thicknesses  (for  limit  velocity  testing)  have  been  converted  to  areal  densities  for  these  plots. 


Figure  4.  Penetration  and  perforation  results  for  L/D  =  10  X21. 
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Figure  5.  Penetration  and  perforation  results  for  L/D  =  10  DU. 

Finite  plate  testing  also  permitted  observation  of  hole  size  and  breakout  behavior  of  RHA  and 
Ti-6A1-4V.  For  both  penetrators,  the  RHA  rear  surface  failed  by  a  process  of  ductile  bulging  followed 
by  plugging.  Plugging  is  the  failure  of  the  plate  when  a  cylinder  of  RHA  is  ejected  from  the  rear  surface 
of  the  plate.  The  main  penetration  channel  diameter  averaged  10-1 1  mm  for  both  the  DU  and  X21  rods, 
respectively.  The  exit  hole,  where  the  plug  was  ejected,  was  19-20  mm  diameter  on  average.  A  typical 
exit  hole  in  RHA  is  shown  in  Figure  6. 

By  contrast,  the  Ti-6A1-4V  plates  failed  by  rear  surface  spalling,  the  ejection  of  a  disk  several  times 
the  diameter  of  the  penetration  channel.  The  average  penetration  channel  diameter  for  both  rods  was 
19  mm.  For  the  annealed  Ti-6A1-4V  vs.  the  X21  rod,  the  average  spall  diameter  was  43  mm.  The  spall 
diameter  averaged  45  mm  for  the  STA  titanium  vs.  the  DU  rods.  Typical  exit  holes  for  annealed  and  STA 
Ti-6A1-4V  are  shown  in  Figures  7  and  8,  respectively.  Additional  testing  is  required  to  quantify  any 
differences  in  spall  behavior  between  the  annealed  and  STA  titanium.  In  all  cases,  the  penetration  channel 
and  exit  hole  diameters  for  the  Ti-6A1-4V  were  significantly  larger  than  for  RHA. 
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Figure  8.  Photograph  of  typical  exit  spall  in  ST  A  Ti-6A1-4V. 

6.  CONCLUSIONS 

The  Ti-6A1-4V  plates  performed  surprisingly  well  compared  to  RHA  based  upon  E}^  calculations. 
In  semi-infinite  penetration  testing  at  0°  obliquity,  die  titanium  plates  achieved  E^s  of  1-5— 1.8  for  both 
tungsten  and  DU  long  rod  penetrators  at  velocities  from  1,100-1,600  m/s.  At  approximately  1,100  m/s 
striking  velocity,  the  depth  of  penetration  into  RHA  and  titanium  is  approximately  equal  and  results  in  an 
Em  of  1.8.  As  the  striking  velocity  increases  to  1,600  m/s,  however,  the  tungsten  and  DU  rods  penetrate 
deeper  into  the  titanium  than  the  RHA  and  the  resulting  EM  decreases  to  1.5. 

The  titanium  {dates  also  performed  well  compared  to  RHA  in  finite  plate  thickness  limit  velocity 
testing  at  0°  obliquity.  The  Ej^s  for  perforation  testing  were  estimated  to  be  approximately  1.5  for  both 
tungsten  and  DU  rods.  When  perforated  by  a  long  rod  penetrator,  the  titanium  tends  to  fail  by  spalling 
while  the  RHA  tends  to  fail  by  ductile  bulging  followed  by  plugging.  In  all  cases,  the  penetration  channel 
and  exit  hole  diameters  for  the  Ti-6A1-4V  were  significantly  larger  than  for  RHA.  For  either  Ti-6A1-4V 
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or  RHA,  spall  liners  are  recommended  for  use  in  armor  designs  in  order  to  reduce  the  lethality  of  behind 
armor  debris  in  overmatching  penetrator  impacts. 

While  testing  both  types  of  penetrator  against  a  single  heat  treatment  of  titanium  would  have  been 
ideal,  sufficient  quantities  of  plate  were  not  available  to  accomplish  this.  However,  the  performance  of 
the  annealed  and  STA  plates  seemed  comparable  based  upon  EM  numbers.  Additional  testing  is  required 
to  conclusively  prove  that  one  heat  treatment  is  preferable  to  the  other. 
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APPENDIX  A: 

MATERIAL  PROPERTY  DATA  FOR  TI-6A1-4V  PLATES 


19 


Intentionally  left  blank. 


20 


Table  A-l.  Ti-6A1-4V  Plates  Utilized  for  Test  Program 


BOM 
Plate  No. 

Thickness 

(mm) 

Lateral 

Dimensions 

(mm) 

Hardness 

(BHN) 

Heat  Treatment 

102 

97 

305  x  305 

364 

Annealed  2  hr  @  816°  C, 

AC 

104 

100 

229  x  457 

364 

Annealed  2  hr  @  816°  C, 

AC 

114 

80 

305  x  457 

364 

STA  2  hr  @  954°  C,  WQ, 

6  hr  @  593°  C,  AC 

115 

104 

165  x  406 

321 

STA  2  hr  @  954°  C,  WQ, 

6  hr  @  593°  C,  AC 

116 

104 

165x406 

340 

STA  2  hr  @  954°  C,  WQ, 

6  hr  @  593°  C,  AC 

117 

104 

165  x  406 

340  | 

STA  2  hr  @  954°  C,  WQ, 

6  hr  <S>  593°  C,  AC 

118 

104 

165  x  406 

340 

STA  2  hr  @  954°  C,  WQ, 

6  hr  @  593°  C,  AC 

119 

107 

127  x  457 

321 

STA  2  hr  @  954°  C,  WQ, 

6  hr  @  593°  C,  AC 

120 

107 

127  x  457 

340 

STA  2  hr  @  954°  C,  WQ, 

6  hr  @  593°  C,  AC 

AC  =  Air  Cool 

STA  =  Solution  Treated  and  Aged 
WQ  =  Water  Quench 
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Table  A-2.  Charpy  Impact  Results  in  Transverse/Longitudinal  (TL)  Direction 
for  Ti-6A1-4V  Plates  at  -40°  C 


BOM  Plate 
No. 

Impact 

Velocity 

(m/s) 

Energy 

(J) 

Avg.  Impact 
Velocity 
(m/s) 

Avg.  Energy 
(J) 

102 

■QjgH 

23.81 

3.670 

16.73 

12.22 

3.670 

13.16 

115 

18.37 

3.664 

16.20 

14.06 

* 

3.661 

16.17 

116 

15.12 

3.664 

15.09 

16.32 

3.667 

13.83 

117 

3.664 

14.89 

3.664 

14.49 

3.664 

14.67 

3.667 

13.91 

118 

3.664 

14.22 

3.664 

14.05 

3.667 

13.08 

3.661 

14.86 

119 

15.62 

3.661 

16.32 

17.99 

3.661 

15.35  | 

- . - 
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Table  A-3.  Mechanical  Properties  for  BOM  Plate  No.  115 


Direction 

UTS 

YS 

Elongation 

RA 

MPa  (ksi) 

MPa  (ksi) 

(%) 

(%) 

Transverse 

1 

914.2 

11.5 

— 

| 

(132.6) 

it 

980.4 

919.8 

10.4 

— 

(142.2) 

(133.4) 

it 

982.5 

919.1 

10.4 

15.2 

(142.5) 

(133.3) 

Average 

10.8 

15.2 

Table  A-4.  Mechanical  Properties  for  BOM  Plate  No.  118 


Direction 

UTS 

YS 

Elongation 

RA 

MPa  (ksi) 

MPa  (ksi) 

(%) 

(%) 

Transverse 

1007 

954.9 

8.9 

19.7 

(146.0) 

(138.5) 

it 

1006 

938.4 

12.8 

_ 

(145.9) 

(136.1) 

ti 

980.4 

920.5 

10.1 

_ 

(142.2) 

(133.5) 

Average 

997.7 

WESM 

10.6 

19.7 

(144.7) 
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Plate  102,  Shot  2639,  50X 


Plate  102,  Shot  2639,  500X 


Figure  A-l.  Photomicrographs  for  BOM  plate  no.  102. 
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Plate  104,  Shot  2645,  50X 


Plate  104,  Shot  2645,  500X 


Plate  No.  116  50X 


Plate  No.  116  500X 


Figure  A-4.  Photomicrographs  for  BOM  plate  no,  116. 
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Plate  No.  119  50X 


Plate  No.  119  500X 


Figure  A-7.  Photomicrographs  for  BOM  plate  no.  119. 
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Plate  No.  120  50X 


Figure  A-8.  Photomicrographs  for  BOM  plate  no.  120. 
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APPENDIX  B: 

DETAILED  FIRING  DATA  FOR  Ti-6A1-4V  AND  RHA 
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Table  B-l.  Semi-Infinite  Penetration  Performance  of  Tungsten  Rods  vs.  RHA  and  Ti-6A1-4V 
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Table  B-2.  Finite  Plate  Thickness  Perforation  Performance  of  Tungsten  Rods  vs.  Ti-6A1-4V 


36 


1000 


(s/iu)  AiiocroA  ivnaisaa 


37 


Figure  B-l.  V^-Vp  plot  for  100-mm  annealed  Ti-6A1-4V  vs.  65  g.  L/D  =  10  X21. 
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Farrand  and  Magness,  to  be  published. 


Table  B-4.  Finite  Plate  Thickness  Perforation  Performance  of  Depleted  Uranium  Rods  vs.  Ti-6A1-4V 
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NA  =  Not  applicable. 
NM  =  Not  measured. 
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